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COOPERATION .OF INTRACELLULAR

ollowing is a translation of an article by
W1agenknecht and S. Rapoport of the Physio-

logical-Chemical Institute at Humboldt Uni-
versity in Berlin, in Acta Biologica et Medie
ca Germanica No 12, 193, paies 2-1.

Summar

In model experirants the authors examined cross-con-

nections with the main pathway of the respiratory chain in
mitochondria. They ascertained reactions between the solu-
ble diaphorases of the $ytoplasm and the mitoohondria. At
the same time, they traced the possibility of reaction be-
tween miorosomes and mitochondria in the model and examined
it as to its mechanism of reaction. The electron transfer
of this respiratory cooperation is not based on an absorp-
tion or diffusion process. As far as the cross-connections

___ clubs -ftf Optwys-in-the-0ce1-a cocre,-he----- -___

ferric flavin enzymes of the mitochondria play a signilfcant
role as a center of cooperation, The importance of the co-
operative ways in the cell is discussed.

As it has been known for a long time, the respira-
tion of cells may be stopped almost completely through cya-
nide and carbon monoxide which have a selective effect on
cytoohrome oxydase (I - 3). As a result, cytochrome oxy-
dase, -which is localized in the mitochondria, represents
the final stretch of oxidation of the entire cell. Enzymes
which transfer hydrogen but fail to react directly with ox-
ygen, may be found in large numbers and great capacity out-
side of the mitochondria. The normal enzyme capacity of a
rat's liver shows, for example, that of the total NADH de-
hydration capacity only 40% are localized ia the mitochon-
dria, 50% in the microsome fraction ffee Notj, and 10% in
the solub a phase. It may therefore-be assumed that cross
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connections do exist between the final stretch of oxidation
and the mitochondria. This work uses model experiments to
examine the cooperation of respiratory enzymes in the cell,

(,90te.7 Ergastopiasmic membranes were not separat-
I ed from e r/bosomes in these experiments. Instead, the

mixture -- also called microsomes -- was used.)
P

Material and Method

* The cell matter used mitochondria, heart enzyme,
microsomes, and hyaloplasm, as well as NU and RU j'ee Notg
- was represented as described in earlier publications(4 °7).

(gfotefg The following abbreviations were used:
HE n heart enzyme; NU = static eryt rocite fluid; RU s
static reticulocite fluid; NADH = nicotine acid amino-in-
dinucleotide, reduced.)

A commercial preparation of NADH was used as the
substratum. The NADH oxydase activity was measured through
extinction decrease at 340 rim. The measuring took place
in a 0.03 M phosphate buffer, PH 7.4; the final volume

amounted to 2.8 ml. Generally, the following final conoen-
tration per deposit was maintained: NADH = 200 g; HE = 30g albumen; microsomes 90 g albumen; NU +RU= 130
g albumen.

If highly viscous media were used, the reaction was
observed followinghrghntxing- ano-a-gl ---- - w--hoB asted for 30 seconds without creating air bubbles,

All units of activity are expressed in uval/min/mi
enzyme solution.

Reults

1. Dia horase Reaction in the Soluble Phase and the
Mitochondria-

* Table 1 shows the influence of erythrooite NADH dia-
* phorase, which is contraned in NU, on the NADH oxydase sys-{- tern of the heart enzyme. Static earythbrocite liquid (NU)

was added as a diaphorase to a heart sarcosome preparation.
I. NU itself showed no NADH decrease, Th,' oxidation of MAD!

through heart sarcosomes was increased by a factor of 2.9
with the aid of added NU.
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Table I

NADH Oxidation Increase in the Mitochondrta
Through Erythrocite Diaphorases

N~bHO~ydat~n ~B-ffckt
Hi +.Dbaphoraw cmun

HEHE -

HE + i ,0,475 .ao
AHE +-M Wr4D 0.535 90.

Legeng7: a) Additive; b) Effect; a) Dia-
phorase; d) Retardation.

Static reticulocite liquid, which contains a similar
amount of diaphorase activity (5), did not effect increased
reaction between NADH and oxygen. The reason for this lies
no doubt in the fact that RU contains the retarding ele-
ments of mitochondria. ferric flavin enzymes, Since the RU
retarding elements check the reaction between NADH cyto-
chrome c-reductase and the cytochrome a, the absence of an
Increase in NADM oxidation through IM leads to the assump-
tion that the reaction parses through the blocked factor of
NADH cytochrome c-reductase of the mitochondria.

2. Reaction in the Mitochondria and Micrcsones /

Heart enzyme, porcupine microsomes (8), and rat liv--e mltocho-lra-and microibmet were useWTW~lese experi- ,

ments. Table 2 indicates that the addition of microsomes
can increase WADH oxidation In the mitochondria by a factor
of 3.6 . In controlling experiments, the microsomes alone
did not effect a NADH decrease, that is, no activity was
observed in the NADH oxydase test of the microsomes (8).
Sitnce washed cell particles were used, we are Justified in
ass ming that after mitochondria were added, the microsomal
NADS cytochrome reductase found a connection with the final
stretch of oxidation in the mitochondria. The experiment
indicates that microsomes act as soluble diaphorases. Pro-
incubation of heart mitochondria with RU greatly retarded
WADH oxydase. Microsomes, which were added subsequently,
failed to effect an increase of NADH oxydase system.

An earlier study (9) demonstrated that RU has no in-
fluence on microsome cytochrome reduction. RU blocks the
ferra flavin of the mitochondria. Consequently,



Table 2
The Increase of NADH Oxidation in Heart Sarcosomes

Through Porcupine Microsomes

Segeng: a) Additive; b) Oxidation; a)I Effects- d) Retardation.

c ooperation of the two cell particles may be located either
at the point of RU action, or just below It.

The capaeity of the oxidation path from cytochrome

c to cytochome oxydase, which is larger than that of the
mitochondrial NADH cytochrome c-reductase, may be titrated" by adding an overdose of microsomes. In the experiment,

which i recorded in figure 1, the concentration of mite-
chondria was kept constant, and the maximum capacity of the
oxidation pathway from cytoohrome 'c to oytochrome oxydase
was determined by adding greater amounts of microsomes.
The relative oxidation increase does not depend on the
amount of mitechondria, provided that there is a surplus of
microsomes. This experiment is illustrated in figure 2.: '
Di"faerent amounts of a mitohondria suspension were added

to a great surplus of microsomes (the concentration was
_ --- ustw arafv ues

I straight line, just as those of the mitochondria. Accord-
ingly, there wan also a constant increase factor.

A 4

01

Fig. I Titration of the oxidation pathway from
cytochrome c to the cytoohrome oxydaze

-we
i
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1

of heart sarcosoes through porcupine micro.
sornes. NAIH oxidation *of an ?E preparation
was tested following the addition o variousanounts of porcupine microsoves (HR onztantol)

SThe ordi nate marks the activity as an extinc-

tion change at 340 nm; the absacssa shows var-ious amounts of mlcrosomes in mi pripary -Jolu-
tion. Measurements took place in 0.03 phos-
phate buffer pH 7.4, end volutre 2.8 mla.

jfegenv7 a) Microsomes.

jot

4000 474

Pig. 2 Constant increase of NADH oxydase of
heart sarcosomes through porcupine
microsomes.

NADH oxydase of heart sarcosomes was tested
for proportions with a surplus of porcupine
microsomes (x) and without the addition of
microsomes (0). Ordinate: activity as a
decrease in extinction at 340 nm; abscissa:
vartousamauntt- ofCa- 4ilute4 -aart prepaa- .- -.

tion.

3. The Mechanism of Reaction
There are three possibilities for the mechanism of

reaction in the two enzyme systems:

a) The absorption of microsomes by the mito-
chondria.

b) A diffusion of the microsomes and the mito-
chondria, related to a transfer of electrons.

cA distant action, the transfer of electrons

by moans of matter with a low molecular content.

First of all, tests were conducted to determine
whether or not the cooperation effect between mitochondria



and microsomes was retained after the mitochondria (HR)
were separated through centrifuging (12,000 g). Positive
results would have indicated an absorption of microsomes.
The last line in table 3 shows that mitochondria, re-eus-
pended from the activated mitoohondria-microsome accumula-
tion, have a lower activity than the initial non-activated
suspension. Both after and prior to centrifuging, addi-
tional microsomes Increased the activity by a factor of
three. Consequently, an absorption of microsomes by the
mitochondria does not apply.

The Influence of Centrifuging on the Cooperation
Effect Between Heart Sarcosomes and

Porcupine Microsomes

ft Aktivitts-

H + I enr. 3 4 I M

offegen1: I) Without microsomes; 2) With

microsomes; 3) Activity coefficient; 4)
frbr to centrifuging; 5) After centrifuging;
6) Microsomes after centrifuging

*The role of diffusion was tested in experirOnBtt
whrth&thscoity of the mediwM was varied. Cane sugar
was added in varying amounts to increase viscosity, Table
4 shows the NADU oxydase activity of the mitochondria and
microsomes in media of varying viscosity. :n viewing the
rate of reaction In sediments without microsomes, we find
a reciprocal relationship between the rate of reaction and
viscosity. Starting with the reaction in 0.03 M phosphate

buffer PH 7 4, the activity was calculated in accordance
with the expected influence of viscosity on the diffusion
rate of materials, using the formula activity =
activity in P-buffer

The figures are indicated in ta-

ble 4 in parentheses. A similar dependence is found In
sediments containing microsomes. The increase coefficient

"remain constant. These results lead to t. conclusion

.. 6 -..... A...... .........
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that the transfer mechanism bet,-een micr:osomes and mttochon-
dria does not have an additional retarding effect on dtffu-
$ion.

Table 4

Cooperation Between Hear". Sarcoscres and
Porcupine iicroso~es in Viscous Aedla

HE I) )f++Mikrosomem ) As iNo

in~~ 40 aeI 1(19) 3.(3g
S s0 (O) 40(27) 4,050S% Sucraft 12 j (6) 1 20(1*) Z

ME~hnn40 3 (3) to0(10) 3.3

4t geng7: 2) M~ +kNicrosomes; 3) As in Table
4.) Viscosity; 5) Phosphate.B

The mitochondria and microsomes were washed three
* times in an Isotone salt solution with the attept of re-

moving matter with a low molecular content. This process
did not reduce the Increase in activity. Furthermore, var-
ious buffers were examined, It was determined that similar
results are obtained in phosphate, tris-, and tra-buffers.

Discussion

Thtn study, as well as model experiments described
earlier (4), lead to the conclusion NADH oxidation of the
cell may well take the course shown in figure 3. in that
case, the final path of oxidation would always lead through
the mitochondria and their cytochrome oxydase. The diagram
shown stresses the miorosome cytochrome and the iron in the
NADH cytoohrome c-reductase as key points in the cooperation
of NADH oxidation.

/
This outline ignores the extra-mitochondrial NADH

pathway which was described in the case of a locust muscle
(10 - 15). According to these experiments, hydrogen of the
extra-mitochndria NADH cannot be directly oxidated from
the mitochondria. It has been proved instead, that hydro-
gen is flooded into the mitochondria through the substratum
a-glycerine phosphate.

-7 I I
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g~l g. 3Cooperation of NADIR Oxidation

r oehen : 1) M itochondria.- 2) /icrosomes;

3) So!ixble phaseep 4) cytochxome oxidase; 5
Mierosome cytochrore.

Another mechanism (16 - 18) is based an the theory

that MRD dots not permeate the mitochondria membrane. Ac-
cording to these findings, NADH and sceo-acetic acid at-
the surface of the mitochondria may react to #-orybutricuacid. The e zype acting as the catalyst in this reaction,
is thengin a position to fill the m tchondria with hydo-

-I gen tbhrough an-oxidation reaction. Only a catalytic amountof acaoacetlc acid is necessary to produce sucha eacion

Earler mtudies proved the existence of Independen
soluble NADH daphorasea in static hamoisate embras well
at in the hyaloplas of the liver, kidney, and heart tissue
(c). Their possible bilogical Importance has been discuss-
ad a a partial system of oxidation pathways in extra-mto-

chondrial NADH. On one hand, the RADH of the soluble phase
-as indicated by the results-of this study -- might beoxidated through ADH daphoras e mitochondria ith . A

direct electon transfer from the soluble diahoase to the
ferric mitochondrial fiavn enzyme may be an ultra-mechansm
of the reaction. Oxidatione h the flavn in7me o the
ersastoplasm membranes is another possibility. The elec-
tron transfer wold continue from this system to the mito-
chondria. At should no be assumed that the DT-diaphorase
Isolate by Ernster (19 21) Is identical with the dapho-
rase in the model system. The essential differences of
these enzyme I in the fact that the DT-diaphorase showsislte y raer(9 1 isietclwt h!ipo

raei h oe ytm heesnildfeecso
ths nye lei h at htteD" iabrs hw



no reaction with cytochrornc3 b-, and Is suposed to serve as
a natural electron acceptor co-enzyme Q"

The oxidation of ZADH through microsomes might find
a connection to the main respiratory chain in direct reac-
tion with the mjtochondria. So far, a direct cooperation
between microsomres and mitochondria in vivo has not been
found yet, However, on the basis of the above nodel e xpe-
riments, a direct reaction between itcrosom-s and mitochon-
dnra seems possible. In considerin 5c an electron transfer
between the particles, we should bear the tact in mind tLat
a direct reaction between the microsome-cytochrome and
cytochrome c i-g very rapid (as ehown by S-trittimat ter and
Veltck 22) and probably rests on a simple chemical reaction.
It would be difficult to imagine this rapid reaction as a
mechanism of reaction since both oytochroes are particle
bound.

These motel ex-periments point to th3 possibllity of
an electron transfer between microsomes anr: mitochondria,
even though the problem of the ultra-mechanis' has not been
solved as yet. In this case, the ferric components of the
mwtochondrial flavin enzyme are bound to participate in the
mechanism of transfer, since RU, the inhiblitor of ferric
flavin enzyme of the mitochondria, retards cooperation.

The results of the model experiments lead to the
conclusion that the reaction meonanism of electron transfer
rtsts neither on the absorption of microsomes by the mito-
chondria, nor on the diffusion of particles and substances
with a low molecular content. The following deliberation
supports these results:

-The -re-ac-tt-mxture& -pntained 1-.3-lO~jC3g albmen/
ml mitochondria and 3,0 x 10-2 g albumen/mi microsomes as
final concentration. The miorosomes used was the mixture
of ribosomes and ergastoplam.ic membrane, obtained after
separating the homogenous mixture. In order to determine
the number of particles and the average distance between
them, the average values shown in table 5 were vsed. Two
methods were employed to calculate the number of particles.
First3 they were determined from the albumen concentration,
divided by the molecular weight, and multiplied by the
Loschmidt figure. Secondly, the weight of particles was
calculated from the diameter and density in order to divide
the concentration by the individual weight and to obtain
the wnFber of particles per ml, The figur s obtained were
5.10 /ml of microsome parttcles, and 5-10 /ml of mitochon-
dria. For the calculation of average distances between
particles, they may be regarded as points and their volume

___-____I>.___



nay be dsreagarded. A resular statistical distribution eoff particles is used as the basis of the calculation, Conse-
quently, the d1stancs between microsomes is 0.61A, and be-
tween mitochondria 12 1A

H Table5

SI TAssumed Average Values for licrosomes
and Mitochondria

ffegeng: 1) lMicrosomes; 2) M~itochondria;
3)Diameter; 4) Density.

It These distances enable us now to calculate the dittu-

sintime required to pass from one particle to another

D = T Accordingly, the diffusion constant of mi-

crosomes Is 2.2 x 10-9 cm2-/sec. Using these figures as a
basis, we are now In a position to answer the question
whether or not diffusion plays a role in the transfer of
electrons. The assumed diffusion path of microsome parti-
cles would correspond to an average diffusion t~ime Of 1.7 __

rtt -i- The tvr -ia stiac between n
chondria is 3 ,which would correspond to a diffusion
time of 42 seconds. In relation to oxidation, this would
represent an extremely slow process0 Since the mitochon-dria decompose approximately 107 IADH particles per minute,
the diffusion rate of the particles in too slow by a factor
of 6. This calculation clearly indicates that an electron
transfer'fr-am the microsomos to the mitochondria cannot
possibly occur by means of a diffusion process.

This becomes even less likely if we cons! -der the co-
operation experiment in a viscous medium. This experiment
transfer only if the transmitting agent represents a sub-
stance with a very low molecular content. A substance
meeting this requirement did not appear in the model sys-
tem. Neither could It have settled on the particles,

10



because repeated rinsing did not tha cooperation
effect. A substance with a low roecular content would
have been washed away. The po.Lbillty of absorption of
the microsomes by the mitochondria rust also ba ruled out.
In the case of absorption, it shoulJ be possible %o cen-
trifuge the aggregated particles away. After tho centri-
fugal process, however, the nitoehondra may be activated
to a similar dogree as before.

.1 Our process of elimination leaves two possibilities
for the mechanism of transfer:

1. The transfer of electrons may occur through rad-
icals which originate in water (02H and 01) and play the

role of transmitting agent in the form of a chain reaction.

2. The principle of a semi-conductor or condensor
may be considered as a possible transfer mechanism of eloe-
trons. In that case, the transfer of electrons from micro-
somes to mitochondria would take place in the form of a
chain reaction, similar to thft round in a sem!-conductor,
This theory is supported by the fact that the activity in-
crease of the mitochondria always stands in a direct ratio
to the smr. of surface microsomes and mitochondria. Below
the maxim- activity, this ratio always shows the same quo-

Itient (Tabl% 6). This relationship is simtlar to the ratio
in a condensor where the capacity also depends on the eur-
face,

Table 6

--- - h eCndtoperattonEteffe ivothe
Activity Increase and Surface of Particles

)atvAktivity pe

suIrface cm ;
t.02 * 7 ,4 -1

j l0.0$ 33 20 , , 8

&.faegend : 1) XicrosomeB added ml; 2) Activi-
' tyj ) Activity increase (Total activity pe

mitochondria activity; 4) Sum of surface or.;

• = II t 3/4



The employment of radical catobrs and the study of
temperature and pH influences on the cooperation between
mitochondria and microsomes might give us more information
on this matter,
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